Development of a refrigeration system for lunar surface and spacecraft applications by Copeland, R. J.
DEVELOPMENT OF A REFRIGERATION SYSTEM 
FOR LUNAR SURFACE AND SPACECRAFT APPLICATIONS 
C o n t r a c t  N o .  N A S 9 - 9 9 1 2  
R e p o r t  N o .  Tl .22-RP-046 
L ' i i \ . S A - C < - 1 4 7 ? L i )  i ' E \ J E L _ 7 f L I t h ~ T  (IF 1 2 7 6 - 2 5 7 9 5  
i E F r T G f ? J T I 3 : l  S Y S T t ' l  F 2 9  LIJ\ [ .?,~~ S L J J , E A C ~  ~ p j ~  
S b 3 A C Z C  1 F T  J V P L  ~ L A T I I I I S  F I ' I L L  '; 3 5 , ? T  
( v r j l ~ l ? , i r  Cl>:o,, b;+LLAS, T t , ( . )  Lt2 l 4 c  $4.31 J 3  ; CL (15 
C S C L  36K G3/54 4 2 1 Z 2  
FINAL REPORT 
9 A p r i l  1 9 7 6  
S u b m i t t e d  by: 
VOUGHT CORPORATION 
S y s t e m s  D i v i s i o n  
D a l l a s ,  T e x a s  
THE NATIONAL AERONAUTICS AND SPACE WMINISTRATION 
Johnson Space C e n t e r  
. F 
--, - - 
- 
H o u s t o n ,  Texas 
https://ntrs.nasa.gov/search.jsp?R=19760018707 2020-03-22T14:16:09+00:00Z
DEVELOPWNT O F  A R E F R I G E M T I O N  SYSTEM 
FOR LUNAR SUWACE AND SPACECRAFT APPLICATONS 
Contract No. NAS9-9912 
Report No. T122-RP-046 
FINAL REPORT 
9 April 1976 
Submitted by: 
VOUGHT CORPORATION 
Systems Division 
Dallas, Texas 
THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Johnson Space Center 
Houston, Texas 
PMPAREB BY: mPRO'VIECT BY: 
F O R E W O R D  
This i s  t h e  Final  Report on Contract NAS9-9912 which was 
executed by Vought Corporation, Systems Division i n  t h e  period 
of December 1969 t o  April 1976. This i s  a summary repor t ;  t h e  
information presented i n  t h i s  repor t  has previously been pub- 
l i shed  i n  d e t a i l  i n  progress repor ts ,  interim repor ts  and 
b r ie f ings  . 
The MASA/JSC Technical monitors on t h i s  program were: 
D. W. Morris fo r  the  Evaluation of Refrigerat ion 
Systems f o r  Lunar surface and Spacecraft Application 
Applied t o  C02 Reactant Beds 
K. L. Hudkins f o r  t h e  Shut t le  K i t  ECLSS Refrigerat ion 
Unit and Shut t le  K i t  Freezer. 
J i m  Jaax provided technical  d i rec t ion on t h e  f reezer .  
SUMMARY AND INTRODUCTION . . . . .. . . . . . . . . . . 
DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . .  
2.1 Evaluation of The Performance of Refrigerat ion Systems. 
2.2 Evaluation of  Refrigeration Applied t o  C02 Reactant 
Beds . . . . . . . . . . . . . . . . . . . . . . . . .  
2.3 Shu t t l e  K i t  Freezer Refrigerat ion Unit . . . . . . . . 
2.4 Shu t t l e  K i t  ECLSS Ref r ige ra t ion  System . . . . . . . . 
CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . 
APPENDIX 
Shu t t l e  K i t  ECLSS Refrigerat ion System . . . . . . . . . . A-i 
LIST OF TABLES 
Refrigerat ion System Development Program Documentation Log . 4 
LIST OF FIGURES 
Conceptual Freezer Character is t ics  . . . . . . . . . . . . 11 
Refrigerat ion System Features . . . . . . . . . . . . . . . 1 2  
iii 
In t h e  space progrm re f r ige ra t ion  processes have not been used 
t o  date because a cold heat s ink has been avai lable  i n  o r b i t a l  f l i g h t s  
( i . e . ,  r ad ia t ion  t o  an e f fec t ive  space temperature of l e s s  than 40°F). 
For shor t  durations an expendable heat  s ink (water bo i l ing  o r  sublimation) 
or t h e  thermal capacity of t h e  spacecraft systems has been u t i l i z e d .  
Applications of r e f r ige ra t ion  on fu ture  missions include a lunar  s h e l t e r  
where a r e f r ige ra t ion  cycle could be used t o  "top-off" i n  t h e  daytime a 
space rad ia to r  system which was s ized f o r  lunar  night  operation. This 
would minimize radia tor  s i z e  and low load control  requirements. Another 
po ten t i a l  use f o r  such a system would be i n  lunar  exploration vehicles 
i n  which the re  i s  a l imi ted  rad ia to r  area. A simple rad ia to r  would not 
perform adequately i n  deep c r a t e r s  o r  near a c l i f f  a t  lunar  mid-day. For 
long duration missions a r e f r ige ra to r  may a l s o  be required fo r  s torage of 
food and medical supplies.  
A l l  r e f r ige ra t ion  techniques use energy t o  remove heat  from a 
thermal source at a low temperature and redect heat t o  a thermal sink' a t  
a higher temperature. Thermoelectric devices a re  e l e c t r i c a l l y  powered asd  use 
t h e  thermoelectric propert ies of s o l i d  material  t o  perform t h i s  function 
with no moving components. Vapor cycles a l l  use a power source and t h e  
proper t ies  of f l u i d s  t o  perform t h e  function by absorbing t h e  l a t e n t  heat  
of vaporization i n  an evaporator a t  a low pressure and temperature and 
re jec t ing  t h e  l a t e n t  heat of vaporization i n  a condenser a t  a higher pres- 
sure and temperature. The vapor compression cycle uses an e l e c t r i c a l /  
mechanical o r  thermal/mechanical power source t o  compress the  f l u i d  between 
the  evaporator and the  condenser. The absorption and adsorption cycles 
primarily use thermal energy d i r e c t l y  as  a power source although e lec t ro /  
mechanical pumps o r  e jec to r s  a re  sometimes used i n  t h e  systems. 
Vought Corporation, Systems Division performed an evaluation of 
these re f r ige ra t ion  devices f o r  po ten t i a l  lunar  surface and spacecraft 
applicat ions.  !The f i r s t  phase of t h e  study se lec ted;  (1) t h e  bes t  r e f r i -  
geration mchine  f o r  several  representat ive applicat ions and ( 2 )  t h e  over- 
8;11 best r e f r ige ra t ion  system satiseing all applications. The latter 
phases of the cont rac t  evaLuated three spec i f i c  applications : (1) refrigera- 
t i o n  of Life support system r e k c t a t  beds f o r  t h e  Space Sta t ion Prototype, 
( 2 )  a food freezer/biornedical storage k i t  f o r  Space Shut t le  and (3 )  a k i t  
r e f r ige ra t ion  system t o  provide increased quan t i t i e s  of payload heat rejec-  
t i o n  from t h e  Shu t t l e  while i n  o r b i t .  
The i n i t i a l  s tudies  evaluated vapor compression cycles,  vapor 
absorption cycles using both R - 2 2 / ~ 1 8 1  and water/LiBr, combined w a t e r / ~ i ~ r  
with an i n t e g r a l  turbine  compressor and vapor adsorption with w a t e r / l 3 ~  
z e o l i t e  absorbent. A conventional r ad ia to r  was used as  a basel ine  f o r  
comparative purposes. Parametric performance data  were generated f o r  each 
of 6 po ten t i a l  applicat ions.  Vapor compression was  found t o  be t h e  b e s t  
overa l l  choice f o r  a l l  applicat ions.  
Vapor compression re f r ige ra t ion  of l i f e  support system reactant  
beds was studied fo r  a Space Sta t ion Prototype basel ine  system. Refrigera- 
t i o n  does not o f f e r  a s ign i f i can t  weight advantage over a non-refrigeration 
system but can el iminate s o l a r  absorbers and f l u i d  swivels. 
A conceptual design of a food freezer/biomedical sample k i t  f o r  
t h e  Space Shu t t l e  w a s  prepared. A S t i r l i n g  cycle system was se lec ted  f o r  
long l i f e ,  low power and safe ty .  
A re f r ige ra t ion  k i t  t o  t h e  Space Shut t le  R-21 loop was evaluated 
a s  a means of increasing t h e  payload cooling capabi l i ty .  S ignif icant  in- 
creases a r e  possible;  however, deployment of conventional r ad ia to r s  can 
provide even l a r g e r  increases with lower weight penal t ies  as  long as low 
s o l a r  absorptance coating propert ies can be maintained. 
Contract NASg-9912 was a  study of r e f r ige ra t ion  s y s t e m  f o r  lunar 
surface and spacecrafi  appl ica t ions .  I n  a l l  cases t h e  appl ica t ion  was f o r  
a  manned environmental cont ro l  system, including food f reeze r s ,  humidity 
cont ro l  and payload heat  r e j e c t i o n  systems. The temperature range of i n t e r e s t  
was from l e s s  than -20°F t o  a  4 5 ' ~  t o  130°F range; heat  loads were from a  
few watts  t o  severa l  thousand BTU/hr . 
Contracts NASg-9912 and NAS9-12055 were conducted by Vought with 
NASA/JSC f o r  t h e  development of  r e f r ige ra t ion  systems. Because of the  simi- 
l a r i t y  of t h e  two contrac ts ,  both projec ts  were conducted a s  a  s ing le  develop- 
ment program f o r  a re f r ige ra t ion  system. A s ing le  document i d e n t i f i c a t i o n  
system was employed; Table 1 presents  a  l ist  of a l l  previous documentation 
on these  two contrac ts .  T122-RP-038 i s  t h e  f i n a l  r epor t  of NASg-12055. The 
present  repor t  w i l l  discuss only r e s u l t s  obtained under NASg-9912. 
This contract  produced four summary documents on t h e  following 
areas : 
1) Evaluation of The Performance of  Refrigerat ion Systems 
(~ocumented i n  ~ 1 2 2 - ~ ~ - 0 4 )  
2 )  Evaluation of Refrigerat ion Applied t o  C02 Reactant Beds 
(Documented i n  ~122-RP-06 ) 
3) Shut t l e  K i t  Freezer Refrigerat ion Unit ( ~ocumented i n  
~122-~P-044 ) 
4)  Shu t t l e  K i t  ECLSS Refrigerat ion System (Results  Documented 
i n  Appendix A )  
The following paragraphs abs t rac t  t h e  r e s u l t s  i n  each area.  
2.1 Evaluation of The Performance of Refrigerat ion Systems 
The f i r s t  phase of t h i s  contract  s tudied t h e  various ref r igera-  
t i o n  machines which could be used t o  provide heat  r e j ec t ion  i n  Ehvironmental 
Control Systems ( ECS ) f o r  luna r  surface and spacecraft  appl ica t ions ,  and 
t o  s e l e c t :  ( 1 )  t h e  bes t  r e f r ige ra t ion  machine f o r  s a t i s o i n g  each individual  
appl ica t ion ,  m d  ( 2 )  t h e  bes t  r e f r ige ra t ion  m c h i a e  for sa%isfg.ing a l l  of 
the  appl ica t ions .  Conventional s ing le  phase pmped f l e d  rad ia to r s  were 
eonsiclered i n  the essaluatisn as a baseline only: the  p w s s e  o f  t he  strtcagr 
was t o  s e l e c t  t h e  bes t  r e f r ige ra t ion  system and not t o  choose between con- 
REPORT NO. 
T122-RP01 
-RP02 
-RP03 
- R P O ~  
TITLE 
1st Progress Report, 9 Dec. 1969 t o  9 Jan. 1 9 7 0 ( ~ ~ ~ 9 - 9 9 1 2 )  
2nd Progress Report, LO Jan 1970 t o  9 Feb. 1970 (9912) 
3rd Progress Report, 10 Feb. 1970 t o  31 March 1970 (9912) 
hraluat ion of t h e  Performance of Refr igera t ion  Systems fo r  
Lunar Surface and Spacecraft Applications (9912) 
4th Progress Report, 1 Apri l  1970 t o  11 J u l y  1970 (9912) 
5th Progress Report, 1 June 1971 t o  1 Sept. 1971 (9912) 
Dual-Mode Refrigerat ion System Demonstration Test 
Request (Nag-12055 ) 
1st Quar ter ly  Progress Report on Contract NASg-12055 
1 Aug. 1 9 7 1 t o  30 October 1971 
6th  Progress Report; NAS9-9912 1 Sept. 1971 t o  15  Feb. 1972 
2nd Quar ter ly  Progress Report on Contract Nag-12055 
1 Nov. 1971 t o  15  Jan. 1972 
7th  Progress Report f o r  t h e  Period 16 Jan. 1972 t o  30 Apr i l  
1972 f o r  NAS9-9912 
3rd Quar ter ly  Progress Report on NASg-12055; 15  Jan. 1972 
t o  15 J u l y  1972 
Direct Condensing Radiator F e a s i b i l i t y  Demonstration Test 
(NAS~-12055 ) 
Direct Condensing Radiator F e a s i b i l i t y  Test (NAS~-12055) 
NASg-9912 8th  Progress Report - 1 May t o  6 Aug. 1972 
Zero-g Radiator/Condenser Test Plan (NAS~-12055 ) 
NASg-9912 9 th  Progress Report - 1 Aug. t o  15  Sept.  1972 
Quick-Look Test Report - Ground Test of Zero-g Condensation 
Experiment Apparatus ( NAS9-12055 ) 
NMg-9912 10th Progress Repost- 16 Sept* 1972 t o  1 Dec, 1972 
N&9-12055 Progress Report - 16 July do 22 November 1972 
Zero-g RadiatorlCondenser Eqerinrent  Package Test  
(NAS~-12055 ) 
NAS9-9912 11 t h  Progress Repod - 1 Dec. 1972 t o  15  Apr. 1993 
DATE 
- 
9 Jan.  1970 
13 Feb. 1970 
8 Apr. 1970 
15 Oct. 1971 
15 July 1970 
3 Sept 1971 
27 Seyt 1971 
1 Nov. 1971 
3 Sept 1971 
1 5  Jan. 1972 
25 Aug. 1972 
5 Aug* 1972 
1 5  Sept 1972 
20 Sept 1972 
1 3  Nov. 1972 
a8 Apr. 1973 
RmORT NO, DATE 
Zero-g Dual Mode Radia%or/Refriger&r,tiow System Test Repast 1 &Y 1973 
(NAS9-12055) 
NASg-12055 Progress Report 1 Dec. through 1 July 1973 2 July 1973 
NASg-9912 12th Progress Report f o r  16  Apr i l  1972 t o  2 July 1973 
1 July 1973 
NAS9-9912 13th Progress Report 2 Ju ly  1973 t o  1 4  Aug. 1973 14 Aug.  1973 
NAS9-9912 14th Progress Report 15 Aug. 1973 t o  29 Sept. 1973 28 Sept 1973 
NAS9-12055 Progress Report 3 J u l y  t o  5 October 1973 5 Oct. 1973 
NAS9-9912 15th Progress Report 29 Sept. t o  15  Nov. 1973 15  Nov. 1973 
NAS9-9912 16th Progress Report 16 Nov. t o  20 k c .  1973 20 Dec. 1973 
NAS9-12055 Progress Report 6 Oct. t o  6 Jan.  1973 6 Jan. 1973 
NAS9-9912 17th Progress Report 21 Dec. 1973 t o  21 Jan. 1974 21 Jan. 1974 
NASg-9912 18th Progress Report 22 Jan. t o  28 Feb. 19'74 24 Feb. 1974 
Deleted 
NASg-12055 Progress Report 6 Jan t o  6 J u l y  1974 9 July 1974 
NAS9-9912 19th Progress Report 1 March t o  8 Ju ly  1974 9 July 1974 
NASg-9912 20th Progress Report 9 J u l y  t o  8 Aug. 1974 9 Aug. 1974 
NAS9-9912 21st Progress Report 9 Aug. t o  8 Sept. 1974 9 Sept 1974 
Final  Report of NASg-12055 1 4  Oct. 1974 
Shu t t l e  K i t  Refrigerat ion System Concepts Trade-Off Review 18 Oct. 1974 
Hybrid vs Simple K i t  Refrigerat ion System Trade-offs 30 Oct. 1974 
NASg-9912 Progress Report #22 9 Sept . 1974 t o  1 Feb. 1975 24 Feb. 1975 
Shu t t l e  Orbiter  Freezer K i t  Cooler Unit Trade-offs, 13 Feb. 1975 
Briefing Manual 
NASg-9912 23rd Progress Report 2 Feb. t o  27 Apr i l1975  28 May 1975 
Copeland, R .  J . ,  "Shuttle K i t  Freezer Refrigerat ion Unit 22 Aug. 1975 
Conceptual Design", F inal  Report 
NAS9-9912 24th Progress Report 28 Apri l  t o  8 Sept.  1975 8 Sep 1975 
Final  Report of NASg-9912 9 Apr. 1976 
ventional  r ad ia to r s  and re f r ige ra ted  heeat r e  j e e t  ion  systems t o r  the speei- 
f i c  applicat ions.  
The re f r ige ra t ion  machines considered i n  t h e  study included: 
( 1 )  Vapor Compression Cycle (work-driven) 
( 2 )  Vapor Adsorption Cycle (heat-driven) 
(3 )  Vapor Absorption Cycle (heat-driven) 
( 4  ) Thermoelectric (e lec t r ica l ly-dr iven)  
( 5 )  Gas Cycle (both reversed Brayton and reversed 
St  i r l i n g  cycles ) (work-driven ) 
and ( 6 )  Steam-Jet (heat-driven) 
Various working f l u i d s  were considered f o r  each type of r e f r i g e r a t i o n  
machine, and a se lec t ion  of working f l u i d s  was made f o r  each machine. A 
preliminary screening of t h e  types of  r e f r ige ra t ion  machines was a l s o  made, 
r e s u l t i n g  i n  the  following spec i f i c  r e f r i g e r a t i o n  machines and working 
f l u i d s  being considered i n  t h e  t r ade  study: 
( 1 )  Vapor compression using Refrigerant  12  o r  22, 
depending on system 
( 2 )  Vapor absorption with Refrigerant  22 ( ~ 2 2 )  and 
Dimethyl Ether o r  Tet raethylene Glycol ( E-181) 
a s  working f l u i d s  
( 3 )  Vapor absorption with Lithium Bromide ( ~ i ~ r )  
and water a s  working f l u i d s  
( 4 )  Vapor absorption with LiBr/H20 working f lu ids  
and a turbine/compressor t o  recover work from 
t h e  absorbent flow stream 
( 5 )  Vapor adsorption using water a s  t h e  r e f r ige ran t  
and type 13X z e o l i t e  a s  t h e  s o l i d  absorbent 
( 6 ) Conventional r ad ia to r  with R21 coolant ( included 
f o r  comparative purposes only)  
A computer routine was wr i t t en  which ca lcu la tes  perfo 
t h e  candidate r e f r ige ra t ion  mchines  under various operating c o n a t i o n s .  
The optimw weight sys"cenr f o r  each of' t h e  candidate machines i n  each c.~p-- 
p9icat lon can be f o w d  with t h i s  eomutes  r s ~ i n e ,  The sonputer rou t ine  
deternines a spec i f i c  weight for  each machine which includes power penaHy, 
required r a a i a t o r  area  penalty, m d  t h e m a l  e n e r a  source penalty. The 
s i m i f i c m t  operat ing p m m e l e r s  are  t h e  ef fec t ive  enviroment heat sink 
temperature and t h e  required evaporator temperahre .  
An Effectiveness Function w a s  used i n  t h e  re f r ige ra t ion  machine 
se lec t ion.  The Effectiveness Function considers not only the  optimum 
re f r ige ra t ion  system weight, but a l s o  t h e  system volume penalty,  mainten- 
ance requirements, redundancy requirements, technical  r i s k ,  and develop- 
ment and fabr ica t ion costs .  The Effectiveness W c t i o n  r e l a t e s  these  i t e m s  
through t rade  fac to r s  which a re  dependent on t h e  mission (e .  g. , launch 
cost  i n  do l l a r s  pe r  pound, crewman time cost  i n  do l l a r s  per  hour, e t c .  ), 
and accountable fac tors  which a r e  dependent on the  pa r t i cu la r  r e f r ige ra t ion  
system (e.g. ,  system weight i n  pounds, required crewman maintenance i n  
hours, e t c . ) .  Both of these  fac to r s  were estimates f o r  t h e  next generation 
of spacecraft ,  and fo r  t h e  spec i f i c  r e f r ige ra t ion  systems. 
The se lec ted  re f r ige ra t ion  system f o r  each mission considered i s  
given below: 
MISSION 
Earth Orbit 
Lunar Orbit 
Lunar Surface Base 
Lunar Surface EVA 
Transmartian 
Space Shut t le  (3) 
REFRIGEXAT1 ON SYSTEM 
Vapor Compression (1)" 
Vapor Compression (1) 
Vapor Adsorption 
Vapor Absorption, LiBr/H20 
with a turbine/compressor 
Vapor Compression 
Vapor Adsorption ( 2  
Vapor Absorption, L i B r l ~ ~ 0  
with a turbine/compressor 
Vapor Compression. ( 4 )  
"Notes: (1) The conventional r ad ia to r  system i s  superior  t o  vapor com- 
pression unless t h e  sink temperature i s  high o r  the re  i s  a severe shortage 
of avai lable  rad ia to r  area. 
(2 )  Vapor compression i s  a strong t h i r d .  
( 3 )  Only the  o r b i t a l  port ion of t h e  Shut t le  mission was considered, 
although the  re f r ige ra t ion  system may well be more competitive when considered 
for  a l l  mission phases. 
(4) For the assuoled area l i ~ t e d  situation, the mpsr coralpressions 
system was superior to a csnveeb"cisna ia"tegrd raMatsr  (even on EL spec i f i c  
wel@$ basis), but was i n f e r i o r  t o  a deployed conventional radiaLor system, 
cations.  
( 2 ) Water adsorption i n  zeo l i t e ,  because it provides a l ightweight  
system i n  hot  environments, it i s  insens i t ive  t o  radia tor  (condenser) coatings 
degradation (because of t h e  200°F operating temperature),  it el iminates 
technical  problems i n  zero-gravity refr igerant/absorbent  separat ion common t o  
most heat-driven re f r ige ra t ion  machines, and it provides a completely inde- 
pendent approach should any problems develop i n  applicat ion of t h e  vapor com- 
pression re f r ige ra t ion  machine. 
(3) Freon absorption using R-22 and E-181 a s  working f lu ids .  This 
system has t h e  advantage t h a t  it u t i l i z e s  low-grade waste heat.  This r e f r i -  
gerat ion machine has t h e  disadvantage t h a t  it requires zero-gravity l i q u i d /  
gas separat ion,  and it has l imi ted  appl icabi l i ty .  
( 4 )  Water absorption using ~ i B r / ~ ~ 0  working f l u i d s  with a turbine/  
compressor t o  recover energy from t h e  absorbent flow. This i s  the  l i g h t e s t  
weight system fo r  a hot environment, however, it involves great  development 
cos ts  and high technical  r i s k .  
This study i s  documented i n  ~ 1 2 2 - ~ ~ - 0 4 ,  dated 31 0ctober 1971. 
2.2 Evaluation of Refrigerat ion Applied t o  Cop Reactant Beds 
Report ~122-RP-06 presents t h e  r e s u l t s  of a study conducted t o  
evaluate t h e  use of r e f r ige ra ted  mole sieves i n  the  CO2 removal system of 
t h e  Space Sta t ion Prototype (SSP). The primary purpose of t h e  study was t o  
determine i f  r e f r ige ra ted  systems could be designed t o  provide an advantage 
over a heated system using a so la r  absorber. 
As a general approach t o  the  study a basel ine system was defined 
t h a t  could be used as a base fo r  comparing t h e  d i f fe ren t  system designs. I n  
s i z i n g  the  low temperature systems as  many of t h e  basel ine pwmeters ss 
possible were held e o n s t a t ,  m e s e  pa rmete r s  included laar&ere component 
weights, mole s ieve  and s i l i c a  gel  bed sizes, the cabin gas flow rate ,  t h e  
heat t rmspo& loop mxlmm terapes&ure and f l a w  r a t e ,  and the  C02 d e s i p  
p s r u a l  pressure and removal r a te .  The basel ine  system se lec ted  w a s  t h e  s m e  
'%he reconrmenaed order for development of t h e  v a i o u s  t n e s  sf se- 
f r i g e r ~ t i o n  machines was t 
(1) Vapor compression because it i s  t h e  superior system i n  near- 
term applicat ions (space Shut t le  and Space s t a t i o n ) ,  it i s  applicable t o  
a l l  missions, and it i s  t h e  superior  system i n  t h e  greater  number of appli-  
as that presenLed by B a i l t o n  Standard i n  t h e i r  SSP ETC/LSS documend-,: 
Because of t h e  const ra in ts  imposed on hardware design and speci- 
f i c  operating parameters, t h e  system designs resu l t ing  from t h e  study a r e  
non-optimum. I n  s p i t e  of t h i s ,  these  systems a r e  only about 5-10% heavier  
than t h e  basel ine system. Since no s o l a r  absorber i s  required i n  t h e  
a l t e r n a t e  systems, t h e  problems associated with developing a su i t ab le  sur- 
face coating and a f l u i d  swivel could be avoided. 
The results of t h e  t r ade  study l ead  t o  t h e  following conclusions. 
(1) Low temperature mole s ieve  systems fo r  C02 rgmoval aboard t h e  
* 
SSP compare favorably with t h e  basel ine system suggested by Hamilton Standard . 
The t o t a l  equivalent weight of these systems i s  qui te  near t h e  basel ine  system 
weight. 
(2) The baseline system operating with s. vapor compression r e f r i -  
gerat ion loop t o  cool t h e  adsorbing beds can be adapted t o  meet a C02 p a r t i a l  
pressure of 1 mm Hg. The equivalent system weight i s  approximately 1.5 times 
t h e  t o t a l  weight fo r  the  basel ine  system which operates at P of 3 mm Hg. 
d co2 
(3) The baseline system is  not t h e  l e a s t  weight mole s ieve  design 
fo r  a system t h a t  uses a so la r  absorber. Refrigerat ing the  adsorbing mole 
s ieve  and s i l i c a  ge l  beds allows about a 10% reduction i n  t h e  t o t a l  system 
equivalent weight. 
2.3 Shu t t l e  K i t  Freezer Refrigerat ion Unit 
Report ~122-RP-044 presents  t h e  r e s u l t s  of a conceptual design study 
of a r e f r ige ra ted  food/medical sample storage compartment as  a k i t  t o  t h e  
Space Shut t le  Orbiter .  To maintain t h e  -lO°F i n  t h e  f reezer  k i t ,  an a c t i v e  
re f r ige ra t ion  u n i t  i s  required. Trades were conducted and an a i r  cooled 
S t i r l i n g  Cycle was selected.  A conceptual design study v e r i f i e d  t h e  feas i -  
b i l i t y  of t h e  f reezer  k i t  t o  be b u i l t  within t h e  current  Shut t le  c a p a b i l i t i e s  
f o r  payloads . 
44- 
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The f reezer  k i t  contains two subsystems, t he  re f r ige ra t ion  wit 
(R/u) and t he  Storage Volme. The R / U  was studied by Vou@;ht Corgoration, 
Systems Division i n  p a r a l l e l  with a coordinated e f fo r t  by the  Boeing Com- 
pany, Houston, Texas, who were responsible fo r  t h e  Storage Volume. 
The f reezer  must provide two basic capab i l i t i e s  i n  one uni t .  One 
requirement i s  t o  s to re  215 l b s  of food which i s  consumed i n  a 30-day period 
by 7 people. The other requirement i s  t o  s t o r e  128.3 l b s  of medical samples 
consist ing of both urine and feces which a r e  col lec ted over t he  same 30-day 
period. For heal th  reasons t he  food and samples must always be separated 
f'rom each other and avai lable  t o  t he  crew throughout the  mission. The f reezer  
contains four storage compartments which a r e  sequentually emptied t o  minimize t he  
weight and volume. A l l  compartments a re  nominally maintained at  -lO°F by 
t h e  air-cooled S t i r l i n g  Cycle ref r igera tor .  Figure 1 presents the  charac- 
t e r i s t i c s  of t he  f reezer  determined by the  conceptual design e f f o r t .  
Figure 2 presents the  overal l  system schematic. Since t he  mechanics 
of t he  S t i r l i n g  Cycle prohibi t  a d is t r ibuted cold region, heat  i s  t rans fe r red  
t o  t h e  S t i r l i n g  Cycle from t h e  Coolanol 15 loop i n  t he  heat  exchanger. The 
S t i r l i n g  Cycle i s  designed fo r  peak heat load capacity; t o  prevent over-cooling 
the  food, an e l e c t r i c a l  control  system i s  employed. The sensor provides t h e  
s ignal  and simple "on/offl' l og ic  is  used t o  maintain -lO°F - + 10°F. Only t he  
S t i r l i n g  Cycle and f a a  a re  automatically controlled;  t h e  Coolanol pump runs 
continuously except when t he  en t i r e  f reezer  i s  shut down* 
The a i r  cooled S t i r l i n g  Cycle was se lected based on a trade-off of 
the  options. From a preliminary statement of f reezer  requirements, a s e t  of 
guidelines and const ra ints  were established. Three heat sinks were considered; 
a water loop supplied t o  t he  freezer a t  45O~,  a water loop a t  80°F, and t h e  
cabin air a t  a maximum of 80°F. Eight different  types of re f r ige ra to rs  which 
have previously been used o r  are  i n  development f o r  spacecraft r e f r ige ra t ion  
were screened. From S t i r l i n g  Cycle, Vuilleumier, Reverse Brayton, Vapor 
Compression (LC) , Absorption o r  Adsorption, Thermoelectrics (T/E) , expen- 
dables and d i rec t iona l  space radia tors ,  three  were selected for deta i led  
evaluebtiora, me S"crling Wcle,  T/E m d  V-C were se lec ted  &nd welght, voEme, 
power and slate-sf-the-aPt were emluated for each, Parmet r ic  cSaLa were generated as 
o
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a f m c t i o n  of c o o l i w  Load f o r  each r e f r i g e r a t o r ,  al loying t h e  insula t ion 
thickness t o  v a n .  The f i n a l  selectisan was an a i r  heat sink; the  benef i t s  
associated with re jec t ing  heat  t o  t h e  water Loops were Somd t o  be l e s s  
than t h e  vehicle scar  a d  ewense  associatea with t h e  complex in te r faces .  
The S t i r l i n g  Cycle has been used previously i n  space. Recently, 
developments have pushed t h e  state-of-the-art t o  one year (8000 hours)  i n  
space without any maintenance with a cryogenic applicat ion.  To date no 
space applicable S t i r l i n g  Cycle has been b u i l t  i n  the  temperature range of 
i n t e r e s t ,  The requirements a r e  ac tua l ly  l e s s  severe than t h e  state-of-the- 
art i n  cryogenic coolers. Technical r i s k s  do exist, p a r t i c u l a r l y  i n  power 
consumption, l i f e  under repeated Shu t t l e  launches, and cos ts .  A prototype 
f reeze r  was  recommended t o  el iminate t h e  technical  r i s k s .  
2.4 Shu t t l e  K i t  ECLSS Refrigerat ion System 
An Environmental ~ o n t r o l / ~ i f e  Support System (ECLSS) r e f r i g e r a t i o n  
k i t  w a s  s tudied t o  provide increased heat  r e jec t ion  f o r  t h e  Shu t t l e  pumped 
f l u i d  rad ia to r  system. The k i t  i s  a vapor compression r e f r i g e r a t o r  consist-  
ing of heat  exchangers, a compressor, and associated controls  and plunibing. 
These elements a r e  in tegra ted  with t h e  ex i s t ing  Shu t t l e  Freon 21 coolant 
loops and radia tors .  The hardware can be i n s t a l l e d  i n  t h e  Shu t t l e  p r i o r  t o  
launch of a payload with high cooling r a t e  requirements; t h e  k i t  i s  removed 
from t h e  Shut t le  following t h e  f l i g h t .  The k i t  would be located  i n  t h e  un- 
pressurized cargo bay and use a Freon (R-12) a s  t h e  re f r ige ran t .  
K i t  r e f r ige ra to r  concepts t o  provide payload cooling were generated 
f o r  two s e t s  of groundrules: 
1) No changes i n  t h e  basel ine  Shu t t l e  R-21 loop flow 
r a t e  o r  temperatures. 
2) One change t o  t h e  basel ine  Shut t le  R-21 loop e i t h e r  a s  an in- 
crease i n  flow r a t e  o r  as an increase i n  t h e  allowable maximum 
R-21 temperature i n t o  t h e  f u e l  c e l l s  heat exchangers. 
I n  both cases t h e  ex t ra  heat  load was assumed t o  be ca r r i ed  by a payload heat  
t ranspor t  loop (assumed t o  be f l u t e c  pp-50, C5F12). Nominally the  tempera- 
t u r e s  i n  t h a t  loop were 104°F out and 45°F re turn;  other temperatures were 
a l s o  invest igated including 1 3 0 * / 4 5 ~ ~ ,  75°/200P, and 45"/0*~.  
Signif icant  increases i n  payload heat re3ection were fomd f o r  
several k i t  r e f r ige ra to r  csneepts, A screening process i d e n t i f i e d  %he mst 
p r o d s i n g  re f r ige ra t ion  concept as a sirogle kit which does not reqdre d te r -  
a t ion  of the  Shu t t l e  radl&.l;ora, For t h e  first g r o u n d d e ,  (no chanms) ,  up t o  
92,000 B T U / ~ ~  e m  Be obtained but a% a penalty of 500 Ibs  ol- 28,000 B T U / ~ ~  
a t  a penalty of 900 ibs .  (10b0/45' payload loop). Changing t h e  R-2% loop 
groundrules reduced t h e  penal t ies  t o  200 l b s  fo r  9800 BTU/hr f o r  increasing 
the  R-21 loop temperature t o  130°F or  340 l b s .  f o r  17,000 B T U / ~ ~  f o r  in- 
creasing t h e  R-21 flowrate t o  5800 pph. 
The k i t  ECLSS re f r ige ra to r  was compared with non-refrigeration 
k i t s  (deployed rad ia to r s ) .  For cooling a payload loop from 1 0 4 ~ ~  t o  4 5 ' ~  
t h e  r e s u l t s  were a s  follows: 
. K i t  deployment of t h e  aft 4 Shut t le  r ad ia to r s  - 
produces 21,000 BTU/hr a t  400 l b s  
. K i t  i n f l a t a b l e  rad ia to r s  - 
16,800 BTU/& a t  150 t o  300 l b s  
. Self  Contained Heat Rejection Module (SHRM) - 
31,500 BTU/hr a t  1000+ l b s  
The k i t  ECLSS r e f r i g e r a t o r  i s  heavier than a l l  but  the  SHRM. The same re- 
sults were t r u e  when t h e  payload re tu rn  temperature w a s  decreased t o  20' 
and O°F. Thus deployment of addi t ional  r ad ia to r  area  i s  more a t t r a c t i v e ,  
on a weight bas i s ,  than t h e  re f r ige ra t ion  k i t .  It should be  noted t h a t  
t h i s  presumes t h a t  t h e  conventional r ad ia to r s  maintain low s o l a r  absorptance 
values f o r  t h e i r  coatings. Should severe degradation occur, r e f r ige ra t ion  
systems would show a d i s t i n c t  advantage. When addi t ional  a rea  can not be 
deployed, t h e  k i t  r e f r ige ra to r  could be u t i l i zed .  Since t h a t  condit ion i s  
not overly r e s t r i c t i v e ,  a l l  fu r the r  e f f o r t s  on t h e  Shut t le  k i t  ECLSS re- 
f r i g e r a t o r  were terminated. The study results a re  presented i n  Appendix A 
of t h i s  report .  
CONCLUSIONS RECQ TIONS 
ConcEmions 
The primary conclusions of t h i s  work are:  
1) The vapor compression system i s  the  best  overal l  r e f r igera t ion  
system for  lunar  surface and spacecraft applications.  For ea r th  o rb i t  ap- 
p l i c a t  ions t h e  s ingle  phase radia tor  system i s  generally preferred more 
than any re f r igera t ion  system. 
2 )  The vapor compression cycle may have some application t o  pro- 
vide simultaneous heating and cooling. For refr igerated l i f e  support system 
reactant beds t h i s  approach can be weight competitive with a l t e rna t ive  
methods and can eliminate some components i n  other  methods of obtaining 
heating and cooling. 
3) A S t i r l i n g  cycle re f r igera to r  was selected fo r  use ins ide  t h e  
manned cabin of the  Space Shutt le.  This refr igerator  presents no sa fe ty  
hazard t o  t h e  crew and has a small power penalty. A conceptual design 
demonstrated t h e  f e a s i b i l i t y  of installing/removing a k i t  S t i r l i n g  cycle 
cooled food f reezer  within t h e  constra ints  of t he  Shuttle. 
4)  Significant  increases i n  payload heat re jec t ion  can be obtained 
by a k i t  vapor compression re f r igera to r  added t o  t h e  Shut t le  R-21 loop. How- 
ever deploying addit ional  radia tor  area without refr igerat ion can achieve t h e  
same resu l t  and a t  a lower weight penalty as long as  low so l a r  absorptance 
coating propert ies can be maintained. 
3.2 Recommendations 
The following recommendations a re  made re la t ive  t o  t h i s  work: 
1) Additional development of refr igerat ion systems fo r  l a rge  
heat loads i n  ear th  o rb i t  use i s  not recommended since a deployed rad ia to r  
system can usually be designed and for  generally smaller penalt ies.  How- 
ever fo r  extended exploration of t he  moon, a refr igerator  system w i l l  be 
necessary. 
2)  For Food Freezer and biomedical sample storage on the  Space 
Shuttle, a S t i r l i n g  Cycle refr igerator  i s  recsmended. A prototype i s  
needed do better define power p e n d t i e s  m d  life, 
33 The best system for a food fraezer/e;ee~eriments c o ~ a ~ m e n t  
for  an ear th  o rb i t  space s ta t ion  has not been d e t e h n e d .  Adatloeadl studgr 
of very long l i f e  sys tem for  t h a t  slpplication is  recommended. 
4) A d ~ h i t i o n d  study of Shattke radiators w i t h  degraded so la r  
absorptance and t h e  potent ia l  advantage of a refr igerat ion system are  
recommended. 
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WPmDIX A 
SHUTTLE KIT ECLSS R m R E G m T I O N  SYSTEul 
A-1.0 SUMMARY AND INTRODUCTION 
An Environmental c o n t r o l / ~ i f e  Support System (ECLSS) re f r ige ra t ion  
k i t  was studied t o  provide increased heat r e jec t ion  f o r  Shu t t l e  payloads, 
The k i t  i s  a vapor compression re f r ige ra to r  consis t ing  of heat  exchangers, 
a compressor, and associated controls  and plumbing. These elements a r e  in- 
t eg ra ted  with t h e  ex i s t ing  Shu t t l e  Freon 21 coolant loops and rad ia to r s .  
The hardware can be i n s t a l l e d  i n  t h e  Shut t le  p r i o r  t o  launch of a payload 
with high cooling r a t e  requirements; t h e  k i t  i s  removed from t h e  Shu t t l e  
following t h e  f l i g h t .  The k i t  i s  located  i n  t h e  unpressurized cargo bay 
and uses Freon (R-12) as  t h e  re f r ige ran t .  
K i t  r e f r i g e r a t o r  concepts t o  provide increased payload cooling 
were generated f o r  two s e t s  of groundrules: 
1) No changes i n  t h e  basel ine  Shu t t l e  R-21 loop flow 
r a t e  o r  temperatures. 
2)  One change t o  t h e  basel ine  Shu t t l e  R-21 loop e i t h e r  
a s  an increase i n  flow r a t e  o r  a s  allowable maximum 
R-21 temperature i n t o  t h e  fue l  c e l l s  heat  exchangers. 
In  both cases t h e  e x t r a  heat  load was  assumed t o  be ca r r i ed  by a payload 
heat  t ranspor t  loop (assumed t o  be f l u t e c  pp-50, c ~ F ~ ~ ) .  Nominally t h e  
temperatures i n  t h a t  loop were 1 0 4 ~ ~  out and 45OF re tu rn ;  o the r  temperatures 
inves t igated  included 13O0/45OF9 750/20°F, and 450/0°~.  
Signif icant  increases i n  payload heat r e jec t ion  were found f o r  
severa l  k i t  r e f r i g e r a t o r  concepts. A screening process i d e n t i f i e d  t h e  most 
promising re f r ige ra t ion  concept as a simple k i t  which does not require  
a l t e r a t i o n  of t h e  Shu t t l e  r ad ia to r s .  For t h e  first groundrule, (no changes ) , 
up Lo 12,000 BTU/hr can be obtained but a t  a penalty of 500 l b s  o r  28,000 
B T U / ~ ~  at a penalty of 900 l b s  . (104O/45O pwlulzd loop) manging t h e  R-21 
loop groundrues reduces t h e  penalt ies Lo 208 Lbs for 9800 BTU/hr fo r  in -  
creasing %he W-2% loop %emperatme t o  130°F at the fuel eeUs ( f lowate  sf 
50QQ P P ~ )  or 340 %bs for 17,000 BW/br for increasing t h e  R-21 Elowrate 
t o  5800 pph (112'F at, f u e l  ce l l s ) ,  
The k i t  EmSS re%'rigera%or .was compared wlth non-refrigeration 
kits (deployed r a d i a t o r s ) ,  For cool ing a pca;ylead loop from 3.04~3' t o  4 5 " ~  
%he resuLts were a s  follows: 
K i t  dep lopen t  of the  a f t  4 Sh*t%e r a G a t o s s  which 
produces 21,000 ~ T u / h r  a t  400 lbs .  
. K i t  In f l a tab le  Radiators - 16,000 BTU/hr a t  150 t o  
300 l b s  . 
. Self Contained Heat Rejection Module (SHRM) - 31,500 
B T U / ~ ~  a t  1000+ l b s .  
The k i t  ECLSS r e f r i g e r a t o r  i s  heavier than a l l  but t h e  SHRM. The same re- 
sults were t r u e  when t h e  payload re turn  temperature was decreased t o  20' 
and O°F. Thus deployment of addi t ional  r ad ia to r  area  i s  more a t t cac t ive ,  
on t~ weight bas i s ,  than t h e  re f r ige ra to r  k i t .  This conclusion presumes t h a t  
t h e  conventional r ad ia to r s  maintain low s o l a r  absorptance values. Should 
severe coating degradation occur, r e f r ige ra t ion  concepts would show a dis- 
t i n c t  advantage. When addi t ional  area  can not be deployed, t h e  k i t  refrigera- 
t o r  could be u t i l i z e d .  Since t h a t  condition i s  not overly r e s t r i c t i v e ,  a l l  
fu r the r  e f f o r t s  on t h e  Shu t t l e  k i t  ECLSS re f r ige ra to r  were terminated. 
A-2.0 KIT ECLSS REFRIGERATOR GROUNDRULES 
The k i t  ECLSS r e f r i g e r a t o r  must provide an increase i n  t h e  pay- 
load heat  r e jec t ion  of t h e  Space Shu t t l e  Orbiter  while not a f fec t ing  other  
capab i l i t i e s .  The increase i s  l imi ted  t o  on-orbit appl ica t ions  with t h e  
basel ine  Shut t le  systems providing a l l  cooling i n  a l l  o ther  phases of t h e  
mission. 
Concepts were generated f o r  two s e t s  of groundrules. One set re- 
quired t h a t  t h e  Shu t t l e  R-21 flow loop be af fec ted  t o  t h e  absolute miminum, 
i . e . ,  no change i n  flow r a t e  and temperatures other than i n  t h e  radia tors .  
The second s e t  allowed a change e i t h e r  i n  t h e  R-21 flow r a t e  o r  temperatures 
i n  t h e  system. In t h e  first  s e t  t h e  k i t  r e f r i g e r a t o r  w i l l  have a very smaJ.1 
s c a r  on t h e  vehicle but unfortunately r e s u l t s  i n  r a t h e r  l a r g e  weight pen- 
a l t i e s .  The second s e t  of groundrules reduced t h e  weight pena l t i e s  a t  t h e  
expense of system complexity and vehicle scar .  
Figure A - l  presents t h e  Shut t le  basel ine Freon 2% (R-21) coolant 
loop and radia tors .  When i n  o r b i t  the r a a a t o r s  are t h e  primn =ems of heat 
rcJectis~. I n  hot envirsments and awing  mxhm heat reJectfon periods 
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the Hz0 evaporator cools t h e  Freon t o  38 2 2°F by e a ~ o r a t i n g  f w d  
c e l l  product water. The Growd Support Eqslipment (GSE) he& exchanger is  
used only when t h e  Shut t le  i s  on t h e  ground. The IiH3 evaporator i s  used dur- 
i n g  launch and re-entry periods. The aft cold p l a t e  cools e l e c t r i c a l / e l e c t r o n i c  
equipment i n  t h e  a f t  port ion of t h e  Shut t le ;  and t h e  mid cold p l a t e  cools 
equipment i n  t h e  mid-section of t h e  vehicle. The f u e l  c e l l s  generate a l l  
power f o r  on-orbit operations and a re  cooled by t h e  Freon loop. 
The payload heat  exchanger is cooled by the  Freon loop. Two d i f fe ren t  
l e v e l s  of payload heat r e jec t ion  a re  standard on t h e  Shut t le  a s  follows: 
. 6 rad ia to r s  i n  t h e  loop, 21,500 BTU/hr with payload 
R-21 flow r a t e  of 4500 pph t ranspor t  loop at 130°F i n ,  
4 5 ' ~  re turn  
. 8 rad ia to r s  i n  t h e  loop, 29,000 BTU/hr with payload 
R-21 flowrate of 5000 pph t ranspor t  loop a t  1 0 4 ~ ~  i n ,  
4 5 O ~  re turn  
The Atmospheric Rev i t i l i za t ion  System (ARs) interchanger removes heat  from t h e  
water loop which flows through t h e  pressurized cabin. The proportioning valve 
controls  t h e  flow s p l i t  between t h e  payload HX and t h e  ARS interchanger. That valve 
increases t h e  flow of Freon i n  t h e  ARS interchanger during launch and re-entry. 
The addi t ional  cooling capacity removes t h e  high heat loads generated by t h e  
e lec t ronics  i n  t h e  cabin. Simultaneously t h e  proportioning valve reduces t h e  
cooling r a t e  of payloads, which are  not ac t iva ted  during launch and re-entry. 
Small payload heat  loads e x i s t  during t h a t  period,  and t h a t  cooling capab i l i ty  
must not be af fec ted  by any k i t  system. 
Six  o r  e ight  r ad ia to r  panels can be on t h e  vehicle,  four on each s ide  
of t h e  cargo bay. The forward two on each s ide  ( t o t a l  of four)  a re  deployed 
away from t h e  cargo bay doors. These four forward rad ia to r s  a r e  t h e  cav i ty  
radiators 'which a r e  two sided devices. Each forward rad ia to r  has an e f f e c t i v e  
area ( a s  a s ing le  sided rad ia to r )  of 233.25 f t 2 .  The four a f t  r ad ia to r s  a r e  
2 t r u e l y  s ingle  sided. The ef fec t ive  area  of each a f t  panel i s  l33,25 PI; . The 
t o t a l  r ad ia t ing  area  of all eight  r ad ia to r s  i s  1466.0 pt2. When only 6 radiators 
are present, the S-uP*l;%lerest aft  radiator on each side tare removed, l e a ~ d n g  k
f o ~ ~ a r d  cavity radia"cs9.s and 2 af t  - t o t a l  area of 1199,5 fipL2, APE 
r a G a t o r s  a r e  coated with silver backed Teflon. 
Two Freon coolant loops (loop 1 m d  loop 2 )  flow continuously t o  
provide redundancy. Each loop c a r r i e s  ha l f  of t h e  t o t a l  system flow r a t e  
of 5000 l b / h r  of R-21 (2500 pph per loop).  
The basel ine  Shut t le  has only four rad ia to r s  which a r e  two-sided. 
A l l  e ight  panels can be made i n t o  two-sided rad ia to r s  by an appropriate k i t .  , 
The k i t  would increase t h e  vehicle weight by 400 l b s .  f o r  a development 
mechanism, f l u i d  routing changes and increases i n  t h e  panel weight. When 
all panels a r e  two-sided, t h e  o l d  a f t  panels must a l s o  be replaced with a 
new set of similar t o  t h e  forward panels. 
A-3.0 KIT ECLSS REFRIGERATOR CONCEPTS FOR NO CHANGES TO SHUTTLE R-21 
Figure A-2 presents t h e  four  bas ic  types of k i t s  considered i n  t h i s  
study. In  all cases t h e  temperature of R-21 i s  38 2 2OF a t  t h e  f l a sh  evapora- 
t o r  o u t l e t  and t h e  temperature of the  R-21 leaving t h e  f u e l  c e l l s  i s  t h e  
same as one of t h e  standard flow r a t e  conditions. 
The "Simple" system requires one condensor and two evaporators i n  t h e  
system. One evaporator i s  i n  t h e  payload loop with i t s  own expansion valve 
which operates on/off t o  meet t h e  ac tua l  heat  load of the  payload. The con- 
denser i s  i n  t h e  R-21 loop downstream of t h e  f u e l  c e l l s ,  r a i s i n g  t h e  i n l e t  
temperature t o  t h e  rad ia to r s .  Due t o  t h e  higher temperature t h e  rad ia to r s  
r e j e c t  more heat  but a l s o  have a higher o u t l e t  temperature. The r e f r i g e r a t o r  
evaporator i n  t h e  R-21 loop removes p a r t  of  t h e  excess heat .  The remainder 
of t h e  heat i s  removed by the  evaporation of f i e 1  c e l l s  product water. The 
R-21 leaving t h e  H z 0  evaporator i s  control led  t o  38 2 2OF. Each r e f r i g e r a t i o n  
evaporator i s  individually control led with an expansion valve t o  meet a c t u a l  
heat loads and environment conditions. 
- 
The "dual mode" and "hybrid" concepts w i l l  produce equal increases  i n  
payload heat r e jec t ion ;  t h e  only difference i s  heat load control  methods during 
low load and i n  cold environments. Both concepts u t i l i z e  a R-21 flow r a t e  of 
4500 pph i n  s i x  rad ia to r  panels. The fu the res t  a f t  two (one on each s ide  of 
t h e  vehic le)  a r e  dedicated t o  the  re f r ige ra t ion  Loop, SThese two panels a r e  
the condenser I n  t h e  r e f r ige ra t ion  loop, Tkle evaporator heat exchanger i s  
i n  the  petyload Isop,  dsms"zeeurz sf .the payload heat exclhmger, ASternatively 
SI
MP
LE
 
H
V
B
R
lD
 
CO
M
BI
NE
D 
U
1
.*
l)
lI
"
*U
I 
BA
SI
C 
N
T
 E
CL
SS
 R
EF
RI
GE
RA
TO
R 
CO
NC
EP
TS
 
FI
GU
RE
 A
-2
 
the  payload t ranspor t  loop may be divided with p a r t  of' t h e  flow i n t o  the  
payload heat exchanger; t h e  reminder  flows i n t o  the  evaporator. 
The dual mode approach achieves low load control  with a pumped 
f l u i d  loop. The compressor i s  deactivated and a l i q u i d  pump provides f l u i d  
c i rcula t ion.  The same tubes a r e  used i n  both t h e  re f r ige ra t ion  and pumped 
f l u i d  modes. An accumulator (not  shown) provides t h e  change i n  f l u i d  volume 
between the  two modes. 
The hybrid approaches achieves low load control  u t i l i z i n g  t h e  
Shu t t l e  R-21 loop. The a f t  two panels a r e  equipped with a s e t  of tubes 
fo r  t h e  re f r ige ra t ion  system and an independent s e t  containing t h e  R-21loop. 
During peak heat  loads,  bypass valves d ive r t  t h e  R-21 loop away f r o m t h e  aft 2 
panels. During low load t h e  re f r ige ra t ion  loop is  deactivated and t h e  R-21 
flows through all eight  panels. No accumulator i s  required. I n  both t h e  
hybrid and dual mode t h e  a f t  2 r ad ia to r s  replace t h e  basic s h u t t l e  r ad ia to r s  
with ones s p e c i f i c a l l y  designed for  t h a t  applicat ion.  
The "combined" concept uses elements of both simple system and t h e  
dual mode system. I n  t h i s  concept t h e  R-21 flow r a t e  i s  5000 pph but  only 
flows through 6 rad ia to r  panels. The r e f r i g e r a t o r  i s  configured t o  cool t h e  
rad ia to r  o u t l e t  by re jec t ing  heat  t o  t h e  R-21 loop upstream of the  rad ia to r  
i n l e t .  The high temperature radia tors  now r e j e c t  t h e  t o t a l  Shu t t l e  basel ine  
heat  loads with only t h e  s i x  panels. The af't 2 panels (one on each s i d e )  are 
f r e e  t o  provide increased heat r e jec t ion  with a s ingle  phase pumped f l u i d  
loop. 
Four Panel Shut t le  R-21 Loop 
I n  a l l  of t h e  previous concepts e i t h e r  6 o r  8 rad ia to r s  were connected 
t o  t h e  R-21 loop. Four radia tors  can a l s o  be u t i l i z e d  t o  cool t h e  Shu t t l e  
heat  loads. In  t h a t  condition, only a small quanti ty of payload heat  load i s  
removed via  t h e  Shu t t l e  R-21 loop. The reduced heat load can be re jec ted  by 
only the  four forward, cavity rad ia to r s .  The a f t  four r ad ia to r s  a r e  avai lable  
t o  r e j e c t  payload heat .  All of t h e  four bas ic  types of r e f r ige ra to r s  
can be used wlth only 4 radia tors  i n  t h e  R-21  loop. Obviously t h e  4 panel 
system can be used when t h e  4 a f t  panels are a l s o  deployed t o  make cavi ty ,  
"co-sided rad ia to r s  (i, e, , when d l  8 panels are cavity r a d i a t o r s ) ,  An exmple 
k i t  r e f r ige ra t ion  system I s  shown i n  F i w e  A-3. 
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A-3,L INITIAL SCREEPTmC 
An i n i t i a l  screening was conducted t o  eliminate obvious non- 
competitive r e f r ige ra t ion  concepts. The groundrules were es tabl i shed so  
t h a t  t h e  power was the  same i n  a l l  cases and t h e  f ixed r e f r i g e r a t i o n  e le-  
ments were known t o  be very close i n  weight. Thus only t h e  quant i ty  of  
increase heat  r e j ec t ion  was required t o  i d e n t i f y  t h e  r e l a t i v e  meri ts  of 
each system. Reference A-1 presents  t h e  d e t a i l s  of t h i s  screening. The 
r e s u l t s  a r e  summarized i n  Table A-1. A l l  concepts have 8 rad ia to r s  on 
t h e  Shut t le .  Two conditions a r e  considered i n  Table A-1: ( 1 )  No change 
t o  t h e  Shu t t l e  r ad ia to r s ,  i . e . ,  t o t a l  r ad ia t ing  a rea  of  1466 f't2 and 
( 2 )  a l l  r a d i a t o r s  a re  two-sided cavi ty  r a d i a t o r s ,  t o t a l  r ad ia t ing  a rea  
of  1866 f't2. Concepts were analyzed f o r  each of t h e  four  bas ic  ref r igera-  
t i o n  types with both rad ia to r  configurations. When appropriate,  t h e  re- 
s u l t s  were ca lcula ted  f o r  both 4 r ad ia to r s  i n  t h e  Shut t le  R-21 loop o r  
6 r ad ia to r s  i n  t h e  Shu t t l e  R-21 loop. The "simple" r e f r i g e r a t i o n  system 
has the  highest  increase i n  payload heat  r e j ec t ion  when t h e  Shu t t l e  
r ad ia to r s  a r e  unaltered. The "hybrid" has t h e  highest when a l l  r a d i a t o r s  
a r e  two-sided. A more indepth study was conducted on those two concepts. 
A-3.2 SIMPLE VS HYBRID TRADE-OFFS 
Reference A-2 presents  t h e  r e s u l t s  of t h e  Hybrid vs Simple re- 
f r ige ra t ion  system trade-offs .  The r e s u l t s  a r e  summarized i n  Table A-2 
f o r  1 )  unchanged Shu t t l e  r ad ia to r s  and 2 )  all rad ia to r s  two-sided. Each 
concept i s  optimized a t  d i f f e ren t  power requirements and t h e  weight penalty 
calculated accordingly. The "simple" system has a l l  8 rad ia to r s  i n  t h e  
R-21 loop but "hybrid" and "no re f r ige ra t ion"  only have 4 r ad ia to r s  i n  
t h e  R-21 loop, The "hybrid has two r a d i a t o r s  as condensers and two as 
f l u t e c  r ad ia to r s .  The "no re f r ige ra t ion"  concept has no r e f r i g e r a t i o n  
system and simply routes  t h e  payload t ranspor t  loop onto t h e  a f t  panels.  
The quant i ty  of increased heat  r e j ec t ion  over t h e  Shut t le  bas ic  of 
29,000 BTU/hr is  present i n  the  column i d e n t i f i e d  as  &INCREASE * The re- 
quired power and the  power penalty i s  a l s o  included f o r  1) a spec ia l  
k i t  of f u e l  c e l l s  t o  provide power o r  2 )  assmed a5age of the  bas ic  
Shtzdtle fuel cells 'With a k i t  for f u e l  e e l1  reactants only, The 
t o t a l  weight includes r e f r i g e r a t i o n  equipment (compressor, evaporators,  
heat  exchangers, l i n e s ,  e t c  . ) , power penalty and rad ia to r  deploymgnt mech- 
anism i f  appropriate. The spec i f i c  cooling penalty i s  simply t h e  weight 
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of t h e  system divided by t h e  increase i n  cooling achieved. 
The l i g h t e s t  weight system i s  t h e  no-refr igerat ion - 4 a f t  
r ad ia to r s  deployed t o  make two-sided radia tors .  To implement t h a t  ap- 
proach requires no new developments and thus has v i r t u a l l y  no t echn ica l  
r i sks .  The cost  is  l i k e l y  t o  be cheaper than any re f r ige ra t ion  system. 
Refrigerat ion systems which do not a f f e c t  t h e  R-21 loop a r e  obviously 
non-competitive with a deployed rad ia to r  system. Altering t h a t  ground- 
r u l e  could a f f e c t  t h e  conclusion. The next sec t ion presents  t h e  results 
of t h e  t r ades  when the  Shu t t l e  R-21 loop i s  increased i n  e i t h e r  flow r a t e  
or  temperature. 
A-4.0 KIT ECLSS REFRIGERATOR CONCEPTS FOR ONE CHANGE I N  EITHER SHUTTLE 
R-21 LOOP FLOW RATE OR TEMPERATURE 
Concepts were generated f o r  two R-21 loop flowrates, 5000 pph and 
5800 pph. The two flowrates represent two d i f fe ren t  Shut t le  f u e l  c e l l  re- 
quirements. A t  5000 pph t h e  f u e l  c e l l s  must be able t o  operate f o r  long 
period of time a t  130°F o u t l e t  R-21 loop temperature. The 
Shu t t l e  does operate t h e  R-21 loop temperatures up t o  132OF ( ~ e f e r e n c e  A-3) 
which a r e  current ly  l imi ted  t o  A s c e n t / ~ n t r y  periods. If a low R-21 loop 
temperature out of t h e  f u e l  c e l l  heat  exchanger i s  required, a R-21 flow- 
r a t e  of 5800 pph w i l l  maintain a temperature of 112OF. The temperature l i m i t  
fo r  long term use had not been resolved a t  t h e  time of t h i s  work and thus  
both temperatures were evaluated. 
Figures A-4 and A-5 present  t h e  concepts evaluated fo r  t h e  two flow- 
r a t e s .  The added heat  exchangers a r e  designed f o r  very low pressure drop so  
t h a t  very l i t t l e  change i n  t h e  Shu t t l e  basel ine flowrate of 5000 pph w i l l  
occur. The 5800 pph i s  achieved by t h e  addit ion of a pump k i t  i n  each R-21 
loop t o  r a i s e  t h e  t o t a l  system flowrate. 
The four basic types of concepts a r e  iden t i f i ed  a s  "evaporator up- 
stream of f l a sh  evaporatorf', "evaporator downstrem of flash evaporator", 
"du& csmpresssrs", and "moved sash evaporator". The  prima^ differences 
are the Psccltion of the refr igerat ion cspngonents i n  the  Shu t t l e  R-21 Poop. 
The quanti ty of increased payload heat r e jec t ion  m d  the  spec i f i c  penalty 
were calcdetted as a Wlnction of t h e  temperature l e v e l  of t h e  pwload heat  
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transport loop ( ~ e f e r e n c e  A-4). The 5000 pph flow provided more heat 
re ject ion and a lower penalty than the  5800 pph; but may not be allowable 
(as  previously noted). The increased quantity of heat re ject ion was not 
a very strong function of t h e  payload temperature. That e f f ec t  i s  due t o  
the  fac t  t ha t  t h e  quantity of power fo r  refr igerat ion i s  low and the  heat 
re ject ion r a t e  i s  l imited by t h e  radiator.  The individual differences 
between t he  concepts i n  heat re ject ion and weight penalty were not large .  
The decision on the  concept f o r  t he  Shut t le  can thus be made based on 
factors other than performance. 
A-4.1 Evaluation of Kit ECLSS Concepts 
Table A-3 presents an evaluation of t h e  four concepts, fo r  both 
the  5000 and 5800 pph flowrates . payload temperature l eve l s  f o r  each 
concept a re  a l so  included. A s  noted previously t he  heat re ject ion r a t e  
and specif ic  penalty i s  s imilar  i n  a l l  cases. The column of modifications 
t o  Shutt le R-21 loop denotes t h a t  changes must be made t o  t he  Shutt le.  
For t h e  "evaporator upstream of the  f lash evaporator", only t he  
addition of l i n e s  and low pressure drop heat exchangers a re  necessary. 
The "evaporator downstream of the  f l ash  evaporator" requires a modification 
t o  t h e  f lash evaporator control temperature t o  4 5 O ~  i n  l i e u  of 37' 2 2OF. 
The modification t o  the  controls must change the  ou t le t  temperature of t h e  
f l ash  evaporator i n  f l i gh t .  (The Shut t le  currently has two control  points ; 
37' - + 2OF (top-off mode) and 60O~ (water evaporation mode); a t h i r d  control  
point would be required. ) The "dual compressorf' requires t he  same modifica- 
t ions  t o  the  controls plus extra l i ne s  t o  provide space fo r  ex t ra  heat  ex- 
changers. The "moved f lash  evaporator" requires t h e  same modification t o  
t he  controls,  addi t ional  l i ne s  up and down t h e  length of the  cargo bsy, 
and heat exchangers. 
Clearly the  refr igerat ion system upstream of t he  f lash evaporator 
requires t he  leest mount of changes t o  t he  Shutt le.  ma% concept was 
selecked Ear comparison ~ t b  other kit heat se j ee t l s e  sy s t em,  
4-4.2 
Table A-4 presents a cowmison of affeseral systems t~ re j ec t  
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payload waste heat .  All  system weights have been n s m d i z e d  t o  t he  saxe 
basis ;  1 0 4 ~ ~  supply, 4 5 ' ~  re turn i n  a payload loop. A l l  of the  heat re- 
jection a t t r ibu ted  t o  each system i s  t h e  increase over t h e  Shut t le ' s  basic 
8-panel capabil i ty of 29,000 BTU/hr a t  1 0 4 ~ ~ / 4 5 ~ ~  i n  t he  payload t ranspor t  
loop. The data for  SHRM and Inf la tab les  have been updated fo r  t h e  l a t e s t  
information, and all systems have been placed on t h i s  bas i s  (same payload 
loop temperatures and power penal t ies) .  
The k i t  ECLSS re f r igera to r  i s  among the  lowest penalty systems 
for  cooling at 1 0 4 ~ / 4 5 ~ F .  The lowest weight system i s  t h e  soft-tube 
in f la tab le  radia tor ;  k i t  deployment of t h e  Shutt le a f t  radia tors ,  t h e  hard 
tube in f la tab le  radiator,  and k i t  ECLSS re f r igera to rs  have very similar 
penalty factors  (within t he  calculation e r ror  of these  data) .  The choice 
of t h e  best  concept i s  thus independent of the  weight penalty and ins tead 
w i l l  depend upon other considerations. These factors include quanti ty of 
heat re ject ion required, capabi l i ty  t o  deploy out of t h e  cargo bay, sca r  
on t he  vehicle, and capabi l i ty  fo r  low temperature cooling. The l a t t e r  
requirement was a lso  evaluated fo r  each concept (Reference A-4). A l l  con- 
cepts provided a good heat re jec t ion  a t  20°F and O°F. With a O°F re tu rn  
t he  k i t  ECLSS refr igerators  and Inf la tab le  Radiators have t he  lowest penalty, 
then t he  SHRM radia tor  and re f r igera to r  modes and t h e  k i t  deployment of t h e  
Shut t le  a f t  radia tor  panels. A t  20°F return t he  in f la tab le  radia tors  have 
a, lower weight than the  k i t  ECLSS refr igerator ,  SHRM and f i na l l y  t he  k i t  
deployment of t h e  Shutt le aft radiators.  Again the  weight differences be- 
tween t h e  concepts are  not large ,  and t he  weight i s  probably acceptable i n  
a l l  cases. The choice of cooling system even f o r  low temperature payload 
cooling w i l l  be based on consideration other than weight. 
A-5.0 KIT ECLSS REFRIGERATOR CONCLUSIONS 
The k i t  ECLSS refr igerat ion system i s  a viable system fo r  increased 
payload heat rejection.  Good heat re ject ion i s  obtained a t  1 0 4 ~ / 4 5 ~ F ,  75'/2O0F, 
and a t  45j0/00F payload loop temperature. ?The specif ic  weight peilalty i s  as  
good or  b e t t e r  tbm the cometing systems, I n  a d a t i o n  t h e  k i t  ECLSS system 
does not r e q ~ r e  depEo~l%aeak% of k'aaatoss out of t h e  cargo bay, 
The k i t  ECLSS refrigersi$isn concepts were emlusted for both 130' 
and b12OF fue l  ee l1  temperature I i d t s  (R-21 loop t a p e r a t u r e s  and flowrates 
of 5000 pph and 5800 pph) . The concept with t h e  re f r igera to r  evaporator 
upstream of t he  f lash evaporator and the  condensor and payload heat addi- 
t i o n  upstream of the  fue l  c e l l  heat exchanger was selected as t h e  most 
promising. However, no strong advantage for  t h e  k i t  ECLSS re f r igera to r  
is  present with e i t he r  groundrule. The system i s  more complex and has 
a higher technical  r i s k  than deployed radiators.  Thus fur ther  work on 
the  concept was terminated. 
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